Although polyomavirus JC (JCV) is the proven pathogen of progressive multifocal leukoencephalopathy, the fatal demyelinating disease, this virus is ubiquitous as a usually harmless symbiote among human beings. JCV propagates in the adult kidney and excretes its progeny in urine, from which JCV DNA can readily be recovered. The main mode of transmission of JCV is from parents to children through long cohabitation. In this study, we collected a substantial number of urine samples from native inhabitants of 34 countries in Europe, Africa, and Asia. A 610-bp segment of JCV DNA was amplified from each urine sample, and its DNA sequence was determined. A worldwide phylogenetic tree subsequently constructed revealed the presence of nine subtypes including minor ones. Five subtypes (EU, Af2, B1, SC, and CY) occupied rather large territories that overlapped with each other at their boundaries. The entire Europe, northern Africa, and western Asia were the domain of EU, whereas the domain of Af2 included nearly all of Africa and southwestern Asia all the way to the northeastern edge of India. Partially overlapping domains in Asia were occupied by subtypes B1, SC, and CY. Of particular interest was the recovery of JCV subtypes in a pocket or pockets that were separated by great geographic distances from the main domains of those subtypes. Certain of these pockets can readily be explained by recent migrations of human populations carrying these subtypes. Overall, it appears that JCV genotyping promises to reveal previously unknown human migration routes: ancient as well as recent.
The polyomavirus JC (JCV), the proven pathogen of the fatal demyelinating disease known as progressive multifocal leukoencephalopathy (PML) (1) , is ubiquitous in human beings, infecting children asymptomatically (2, 3) . After primary infection, JCV moves via an unknown route to the renal tissue where it persists throughout life (4) (5) (6) . In adults, the renal JCV propagates and excretes its progeny in urine (7, 8) , from which JCV DNA can readily be recovered.
Although JCV transmission is categorized as horizontal transmission (9, 10) , it occurs frequently from parents to children (11) . The reason for this is unclear, but we assume that JCV transmission requires a prolonged cohabitation of children with a particular pair of parents shedding JCV. Inasmuch as this mode predicts that JCV is not transmitted via temporary contact with strangers, we examined to what extent the inhabitants of the Okinawa Island of Japan were invaded by JCV shed by American soldiers who have been stationed there since 1945 (12) . No evidence was obtained that the Japanese children were infected by American-type JCVs. Thus, it is likely that JCV is transmitted mainly from parents to children during prolonged close contact between them.
This mode of JCV transmission appeared to link JCV with human populations. Indeed, three major genotypes (A to C) have been identified in urine samples collected from Europe, Africa, and Asia (13, 14) . Type A is prevalent only in Europe, type B is primarily spread over Asia and Africa, and type C is localized to a midwestern part of Africa. However, throughout the history of mankind, human populations have frequently intermixed due to migration and͞or expansion. Therefore, some modern human populations would have multiple JCV types derived from different ancient populations. These JCV types would have been conserved without undergoing recombination with other JCVs since different JCVs rarely infect the same human host (8) . Thus, we considered that by elucidating the JCV genotypes prevalent in human populations located in various geographic areas, we could obtain useful information on human migrations. The worldwide distribution patterns of nine JCV subtypes presented in this study showed that typing of urinary JCV DNA offers a novel means to trace human migrations: ancient as well as recent.
MATERIALS AND METHODS
Urine Samples. Sites of urine collection are shown in Fig. 1 and Table 1 . All donors were 40 years or older and were natives of each region (exceptional ethnic groups were excluded). The donors were either volunteers or patients without PML. Urine samples were collected from about 50 donors in each geographic region. Virions were recovered from urine, and DNA was extracted as described (7) .
Amplification of the VT-Intergenic Regions (IG Regions). From the viral DNA obtained from urine (see above), the 610-bp IG region (16) that encompasses the 3Ј terminal regions of both T antigen and VP1 genes was PCR-amplified by using primers P1 and P2 (11) and KOD polymerase with proofreading activity (Toyobo, Osaka, Japan). [The IG region was previously established as a region of the JCV genome that contains abundant type-determining sites (16) .] The reaction was carried out as recommended by the manufacturer. Some IG regions were amplified from established JCV DNA clones (13, 14) .
We previously described IG sequences identified in Ghana (14) and Japan (6, 11, 12) . These IG sequences were also used in this study (see Table 1 ).
Sequencing. Amplified IG fragments were cloned into pUC19 and purified recombinant plasmids were sequenced as described (11) . Two clones for each urine sample were sequenced.
Restriction Fragment Length Polymorphism (RFLP). RFLP analysis was performed as described (12) , with AluI, BglII, DdeI, and HinfI.
Phylogenetic Analysis. A neighbor-joining (NJ) phylogenetic tree (17) was constructed using the CLUSTAL W program (18) . Divergences were estimated by the two-parameter method (19) . A phylogenetic tree was visualized using the TREEVIEW 1.4 program (20) . The bootstrap test was applied to estimate the confidence of the branching patterns of the NJ tree (21) . A phylogenetic tree was also constructed by the unweighted pair-group method with arithmetic averages (22) using the ODEN program package (23) (data not shown).
RESULTS
Identification of Nine JCV Subtypes. We determined the IG sequences of 379 JCV isolates ( Table 1) . Examination of these sequences revealed the presence of 241 different IG sequences, of which 191 were unique to one donor. The remaining 50 sequences were shared between 2 and 40 donors. A phylogenetic NJ tree (17) was constructed from the 241 IG sequences and a previously established IG sequence [GS͞K (15) from the kidney of a German PML patient and JCV (Shi) (24) from the urine of Tanzanians; Fig. 2 ]. As the outgroup, two primate polyomaviruses, simian virus 40 (25) and BK virus (Dun) (26), were used.
In the phylogenetic tree ( Fig. 2 ), these JCV isolates formed nine discrete clusters that were designated as subtypes as shown in Fig. 2 . We also made an independent analysis of the same data by using the unweighted pair-group method with arithmetic averages (22) . This method also yielded nine subtypes that corresponded well to the above noted nine subtypes identified by the NJ method.
JCV isolates in Europe, Africa, and Asia were previously classified into types A-C according to RFLP (types A and B) or phylogenetic analysis (type C) (13, 14) . The phylogentic tree ( Fig.  2 ) revealed that types A and C of the previous studies corresponded exactly to subtypes EU and Af1 determined by the present sequencing study. On the other hand, RFLP type B revealed itself to be an amalgam that encompassed all the remaining seven subtypes: Af2, Af3, B2, MY, SC, B1, and CY. Another previously described type was JCV (Shi) (or type 3) found in Tanzania and the United States (24, 27) . This type belonged to Af2 subtype.
According to the phylogenetic tree ( Fig. 2 ) that was constructed using both simian virus 40 and BK virus as the outgroup, EU was the first to diverge from the common root Table 1 ). Sites where the same JCV subtype was detected are bounded by a line so that the enclosed area does not include those where this subtype was not detected. Since the German isolate GS͞K (15) belonged to B1, Germany was included in the B1 domain. for all JCVs, followed by Af1, Af2, and the other subtypes. However, the above noted order of divergence of various subtypes should be verified by an independent study using other regions of the JCV genome for comparison. From the phylogenetic tree ( Fig. 2) , we roughly estimated the evolutionary rate for the JCV IG region, on the assumption that the first divergence of JCV subtypes occurred 100,000 years ago, and we obtained a value of about 1-3 ϫ 10 Ϫ7 per site per year. JCV Subtypes Prevalent in the Old World. We determined the subtypes of 379 isolates by sequencing IG regions, as described above. In addition, 106 isolates in Europe, Africa, and western Asia were identified as EU or Af2 by RFLP analysis. The incidence of JCV subtypes thus determined is shown in Table 2 for each region of the Old World. The data can be summarized as follows.
JCV Subtypes in Europe.
A single subtype (EU) was predominant in all areas of Europe. However, one (B1) and two additional subtypes (B1 and Af2) were identified in Deventer (the Netherlands) and Athens (Greece), respectively. Furthermore, one minor subtype (MY) was found in Stockholm (Sweden).
JCV Subtypes in Africa. A single subtype (Af2) was predominant in all areas of Africa with the following exceptions. Both EU and Af2 were prevalent in Fes͞Ifrane (Morocco), and a single subtype (Af1) was predominant in Accra (Ghana). In addition, the following minor subtypes were found in indicated regions: Af1 in Nouakchott (Mauritania) and Bangui (Central Africa), Af3 in Bangui, EU in Bangui and SC in Lusaka (Zambia). Furthermore, four subtypes (Af2, B1, B2, and SC) were prevalent in Port Louis (Mauritius).
JCV Subtypes in Asia. Prevalent subtypes markedly varied between regions. Three subtype (EU, Af2, and B1) were prevalent in Ankara (Turkey). One major (Af2) and two minor subtypes (EU and B1) were prevalent in Riyadh (Saudi Arabia). One major (Af2) and three minor subtypes (B1, B2 and SC) were prevalent in Varanasi (India). A single subtype (B1) was predominant in Colombo (Sri Lanka). One major (B1) and two minor subtypes (SC and CY) were prevalent in Ulaanbaatar (Mongolia). Two subtypes (B1 and SC) were prevalent in Yangon (Myanmar). A single subtype (SC) was predominant in southeast Asia including Chiang Mai (Thailand), Masai (Malaysia), and Jakarta (Indonesia) with a minor subtype of B1 (Masai). Two subtypes (SC and B1) were equally prevalent in Pamalican Island (the Philippines). Three major (B1, SC, and CY) were prevalent in China. Two subtypes (CY and MY) were prevalent in Far-East Asia including Seoul (South Korea), Okinawa, Ishikawa, and Tokyo (Japan) with minor subtypes of EU (Seoul) and SC (Okinawa).
Territories of JCV Subtypes. To illustrate the territories of JCV subtypes, sites where the same JCV subtype was detected is enclosed by a line that excludes areas where this subtype was not detected (Fig. 1) .
Five subtypes (EU, Af2, B1, SC, and CY) occupied rather large domains that overlapped with each other at their boundaries. Thus, the entire Europe, northern Africa, and western Asia was the domain of EU, whereas the domain of Af2 included nearly all of Africa and southwestern Asia all the way to the northeastern edge of India. A wide region extending from western to eastern Asia was the domain of B1; southern China and southeastern Asia was that of SC; and northeastern Asia was that of CY.
The other four subtypes (Af1, Af3, B2, and MY) had rather small domains, located in unique geographic regions. These minor domains were usually existed within the larger ones. Thus, Af1, Af3, and B2 were within that of Af2; and MY was within the CY domain.
Several subtypes had a pocket or pockets separated by geographic distances from the main domains. We identified the following pockets: MY pocket in Stockholm (Sweden), EU pockets in Seoul (South Korea) and Bangui (Central Africa), and SC pockets in Lusaka (Zambia) and Port Louis (Mauritius).
DISCUSSION
We have developed a new method using urinary JCV DNA to trace human migrations. This method is based on the fact that each of the nine JCV subtypes has a unique territory in the Old World (Fig. 1) . Although these distribution patterns of JCV subtypes themselves have implications for the differentiations and migrations of human beings (this point will be discussed below), they should also offer the basis for further studies using the current method. For example, if a group of individuals from a previously unstudied area are found to be infected with a particular known JCV subtype, these are migrants from the domain of that subtype. Conversely, if a certain number of individuals in a region show a previously unknown JCV subtype distinctly different from prevalent subtypes of that area, these are migrants whose origin must be reevaluated. This analysis may be (1997) applied to any human populations, including Amerindians in the New World and original inhabitants of polar regions, since JCV is prevalent in essentially all human populations (3). Although other viruses have also been employed to trace human migrations, JCV genotyping is the most advantageous. For example, human T cell lymphotropic virus type I, which has most frequently been used for the purpose described above (28) (29) (30) (31) (32) , is limited in that it offers only knowledge on migrations of populations carrying this virus since it is not endemic in many countries (33) . Another example is human papillomavirus type 16 where although there exist clusters of variants characteristic for different geographic regions (34), the original correlation between these clusters and human races appears to be markedly obscured by human migrations that have occurred since the 16th century.
Mitochondrial DNA is now widely used as a genetic marker to infer the ethnic backgrounds of human subjects. However, mitochondrial DNA is hypervariable, and it is generally ob- Table 1 ) generated 241 unique sequences. A NJ tree (17) was constructed from the 241 IG sequences and previously established IG sequence [GS͞K (15) from the kidney of a German PML patient and JCV (Shi) (24) from the urine of Tanzanians] by using the CLUSTAL W program (18) . The tree was rooted by using two primate polyomaviruses, simian virus 40 (25) and BK virus (Dun) (26) , as the outgroup. The phylogenetic tree was visualized by the TREEVIEW 1.4 program (20) . The symbol to each sequence is shown in Table 1 . The numbers at the nodes indicate bootstrap confidence levels obtained by 100 replicates (only those 50% are shown). Subtypes and types are indicated to the right of the tree. Af2  Af3  B1  B2  SC  CY  MY   Europe  UK  6  100  - †  -------SP  13  100  --------IT  12  100  --------N  1 2  6 7  ---3 3  ----G  8  100  --------SW  18  94  -------6  CR  18  100  --------HU  17  100  --------RS  14  100  --------GR  20 50 -25  -13  25  38  --Asia  TU  15  47  -33  -20  ----SA  20  10  -60  -30  ----IN  17  --82  -6  6  6  --SL  5  ----100  ----MO  12  ----67  -8  25  -MN  15  ----46  -53  --TL  11  ------100  --ML  14  ----7  -93  --ID  17  ------100  --PH  8  ----50  -50  --HB  6  ------17  83  -SJ  7  ----14  -14  71  -CB  10  ----20  --80  -CW  10  ------60  40  -CD  10  ----20  -80  --GZ  13  ----38  -54  8  -TP  9  ----22  -67  11  -SK  14  7  ------64  29  ON  ‡  11  ------9  73  18  IK  ‡  11  -------45  55  TY  ‡  14  -------71  29 *Shown by abbreviation (see Table 1 ). † Not detected. ‡ Published data (6, 11, 12, 14 served that mitochondrial lineages are markedly intermingled between human populations (35) (36) (37) . Therefore, population trees are frequently constructed on the basis of the intra-and interpopulational genetic distances (38) that can be calculated from mitochondrial DNA sequence diversities (37, 39, 40) . Furthermore, analysis of mitochondrial DNA RFLP haplotypes are sometimes used to infer human migrations (41) (42) (43) . We emphasize that various human migrations on the earth can readily and clearly be indicated by the current method. It is now widely accepted that our own species, Homo sapiens sapiens, originated in Africa less than a million years ago, and subsequently a small band of the original population migrated out of Africa to the near East and further spread to West, East, and North, in the process differentiating into Caucasoids and Mongoloids (44) . The overall distribution of JCV subtypes (Fig. 1) is compatible with the above notion. The domain of Af2 extends from most of Africa through the near East to the eastern edge of India, whereas EU could have originated in the near East and accompanied the migration of protoCaucasoids to Europe. B1 too could have originated in the near East and its extension eastward might have accompanied the migration of protoMongoloids.
As to more recent past, several routes of human migrations in East Asia were inferred on the basis of the domains of JCV subtypes shown in Fig. 1 : a route from mainland China to Southeast Asia was inferred from the SC domain; two routes from mainland China to mainland Japan, one via Korea and the other via Okinawa, were inferred from the CY domain; a route from mainland China to Taiwan was inferred from the CY, SC, and B1 domains; and a route from Korea to mainland Japan then to Okinawa was inferred from the MY domain.
The power of this method was further suggested by the identification of pockets that were separated by great geographic distances from the main domains. For example, MY that was detected as one of the two major subtypes in South Korea and Japan was also seen in one of the 18 samples from Sweden. Similarly, EU of the territory composed of Europe and western Asia was also found in one sample each from Central Africa and South Korea. Although at this time, no rational explanation can be given to the presence of these pockets, the presence of B2 subtype both in the northeastern extreme of India and in Mauritius off the east coast of Africa can readily be explained by recent migration of a population from the former to the latter. Overall, it appears that JCV genotyping promises to reveal previously unknown human migration routes: ancient as well as recent.
